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Introduction
Since Grätzel and O'Regan first reported ruthenium (Ru) based sensitizers in 1991, [1] dye-sensitized solar cells (DSSCs) have been the centre of widespread interest owing to their outstanding performance. [2, 3] The past decade has witnessed rapid development in the syntheses and applications of porphyrin dyes, as the photosensitizer is crucial to determine the power conversion efficiency (PCE) of DSSCs. In this respect, zincbased porphyrin dyes, with high molar extinction coefficients and strong absorption in a broad wavelength range may be suitable for wild-ranging applications.
[4] To date, Grätzel et al. have reported the highest PCE of 13.0% for porphyrin sensitizer SM315 with cobalt electrolyte. [5] However, porphyrin dyes show typical absorbing defects in the regions of 350-410 nm and 500-600 nm, which is one of the major stumbling blocks restricting the enhancement of PCE.
To address the challenge, the co-sensitization method, utilizing co-sensitizers to simultaneously fill up the porphyrin absorption valleys, becomes an attractive choice. Recently, fascinating investigations have converged on a series of novel D-A-π-A indoline dyes with auxiliary acceptors as superior sensitizers in DSSCs (WS series). [6] Among these dyes, WS-5, [7] with high light-harvesting capability in the regions of 350-420 nm and 450-650 nm, has led to promising PCEs through application in co-sensitization systems. [8] Through co-sensitization using small dye WS-5, a new record efficiency of 11.5% based on iodine electrolyte was achieved. [9] Typically however, any given sensitizer is usually most compatible with a single electrolyte system for the best efficiency, and there remains no examples achieving high PCE for the same kind of sensitizers based on both iodine and cobalt redox electrolytes.
With these concerns in mind, herein we have developed a novel D-π-A 7H-Dibenzo[c,g]carbazole and fused Zn-porphyrin (FW-1) with unique molecular structure (Scheme 1). 7H-Dibenzo [c,g] carbazole serves as electron donor, Zn-porphyrin as π-spacer and benzoic acid as acceptor, thus a "push-pull" structure is produced. Furthermore, long alkyl chains as well as o-alkoxy-substituted phenyl groups were chosen to surmount the solubility problem and reduce dye aggregation, which contributes to the extraordinary photovoltaic performance. Due to its complementary absorption spectra, WS-5 was selected as cosensitizer for FW-1. Electrochemical impedance spectroscopy (EIS) and open-circuit voltage decay (OCVD) investigations were performed to understand the influence of co-sensitization on VOC. As a result, compared to the single sensitizer FW-1, FW-1 + WS-5 shows a breakthrough of PCE from 6.53% and 7.05% to 10.22% and 10.42% based on I -/I3 − and Co(II/III) electrolyte, respectively, and additionally 10.80% under 0.79 sun irradiation with the latter electrolyte (Table S3 †). To the best of our knowledge, this is the first time that PCEs are reported exceeding 10% for a porphyrin dye based on different redox shuttles, hence FW-1 + WS-5 offers a new avenue for basic understanding and also the practical development of DSSCs. Figure 1a shows the absorption spectra of FW-1 and WS-5 in THF solution. FW-1 exhibits typical porphyrin absorption characteristics with a strong Soret band in the range of 400-500 nm and moderate Q-bands in the range of 600-700 nm, but very weak absorption between 350-400 nm and 500-600 nm.
Results and Discussion
Distinctively, WS-5 exhibits strong absorption in the range of 350-600 nm, which compensates the absorption valleys of FW-1. Illustrating this, absorption spectra of FW-1, WS-5 and FW-1 + WS-5 onto TiO2 films were performed (Figure 1b) , with a similar trend compared to Figure 1a . The absorption bands of both dyes are broadened, although the absorption peaks of FW-1 and WS-5 are blue-shifted (10 and 15 nm, respectively). Upon cosensitization with FW-1 and WS-5 on the TiO2 film, the absorption spectrum of FW-1 is complemented by WS-5, showing a strong absorption spectrum from 350 nm to 600 nm. Therefore, we are pleased to find that WS-5 serves as a perfect co-sensitizer for FW-1. What's more, the absorbance as a function of dipping time was measured for FW-1 and WS-5 to optimize the cosensitization procedure. As depicted in Figure 1c and 1d, FW-1 needs 12 h to reach its saturated mode, while for WS-5, the saturated adsorption duration is only around 6 h, showing a much faster adsorption rate with respect to FW-1. This shows that WS-5 is much more readily adsorbed onto the TiO2 surface. As is well-known, suitable HOMO and LUMO energy levels are also critical parameters for the electron injection and dye regeneration processes. Cyclic voltammograms were performed in CH2Cl2 solution to evaluate the redox potentials (Figure S1 †) with ferrocene (0.64 V vs. normal hydrogen electrode, NHE) as external reference (Table S1 † ), and the photovoltaic parameters are presented in Table 1 , with more details listed in Tables S2 and 3 2+/3+ electrolytes, respectively. It is observed that VOC of FW-1 devices with cobalt electrolyte is higher than that with iodine electrolyte by 176 mV, while showing a lower JSC of 11.5 mA cm -2 compared to 14.14 mA cm -2 . Moreover, we investigated and optimized the co-sensitization procedure for different redox electrolytes. First, we recorded the effects of FW-1-sensitized TiO2 dipped in WS-5 solution for different time based on iodine redox shuttle (Table S2 †) . As a result, after co-sensitizing with WS-5 for only 0.5 h, JSC increases significantly from 14.10 to 19.35 mA cm -2 . Along with the increase of dipping time from 0.5 to 1.5 h, JSC reaches 19.91 mA cm -2 . The improvement in JSC is mainly attributed to the complementary light response of FW-1. However, JSC decreases when dipping time extends to 1.5 h. After co-sensitizing for 2.5 h, JSC decreases to 17.7 mA cm -2 , which can be explained in that a significant quantity of FW-1 is replaced by WS-5, finally resulting in the huge decrease of IPCE in the long wavelength region (Figure 2c ). In addition, VOC plays a pivotal role in the development of DSSCs and along with the increase of dipping time from 0 to 2.5 h, VOC increases from 699 to 783 mV. Consequently, an excellent PCE of 10.21% (VOC of 761mV, JSC of 18.90 mA cm -2 and FF of 0.71) is achieved under irradiation of AM 1.5 simulated solar light (100 mW cm -2 ). In the case of cobaltbased electrolyte, after 2 h of adsorption in FW-1 and the increase of dipping time in WS-5 (Table S3 †), we find the same trend in JSC, with a great increase from 11.50 to 18.25 mA cm -2 . However, when the dipping time extends over 1.5 h, JSC decreases to 17.17 mA cm -2 . In the meantime, it is intriguing to note that the trend of VOC with cobalt-based electrolyte is opposite to that of iodinebased electrolyte, showing a slight decrease of VOC from 876 to 837 mV. As a result, a satisfactory PCE of 10.42 % (VOC of 840mV, JSC of 18.25 mA cm -2 and FF of 0.68) is achieved for 1.5 h WS-5 adsorption time. In an effort to provide a further insight into the co-sensitized devices, we studied the incident photon-to-current conversion efficiency (IPCE) spectra to understand the contribution of cosensitization on JSC with two different redox electrolytes. As shown in Figure 2c and 2d, two IPCE valleys of FW-1 are located in the ranges of 350-410 nm and 500-600 nm, respectively. Compared to the cobalt electrolyte, a higher IPCE of FW-1-based iodine redox electrolyte is found. In addition, the IPCE values of WS-5 is above 70% within a wide range of wavelength, proving evidently that WS-5 serves as a perfect co-sensitizer for FW-1 by filling up both of the absorption valleys. As a result, the IPCE valleys of FW-1 around 350 nm and 550 nm are indeed filled up, with IPCE values lying above 80% roughly within a wide wavelength range of 380-580 nm using iodine and cobalt redox electrolytes, respectively. We note that JSC estimated from IPCE spectra are slightly smaller than those obtained from the J-V curves. Integration of IPCE curve for FW-1 + WS-5 with iodine redox electrolyte affords a calculated JSC of 17.76 mA cm -2 , which is slightly lower than the experimental value of 18.90 mA cm -2 . Similar observations have also been reported for a number of porphyrin dyes. [11] These observations may be interpreted in terms of more efficient charge transport and collection [12] and stronger thermal effect associated with the full sunlight irradiation [13] and the weak current produced by diffuse light during the J-V measurement. Particularly, for iodine-based devices, along with the increase of dipping time of WS-5 from 0 to 2.5 h, VOC increases from 700 to 783 mV. It is well acknowledged that, with the use of fixed redox species, VOC is only determined by Fermi level (EFn) of TiO2, which is affected by conduction band (ECB) and charge recombination rate. [14] To gain insight into the effect of co-sensitization on VOC, FW-1 and FW-1 + WS-5 sensitized DSSCs were characterized by electrochemical impedance spectroscopy (EIS). As derived from Figure 3a , the logarithm of chemical capacitance, Cµ, increases linearly with increasing bias potential and exhibits the same slope and values with the variation of electrolyte, indicating that ECB of both devices are at the same level. However, compared to FW-1, FW-1 + WS-5 presents a longer lifetime (Figure 3b ), which we attribute to the introduction of co-sensitizer WS-5 suppressing the charge recombination on the surface of TiO2. Figure 3c shows the representative VOC decay curves of FW-1 and FW-1 + WS-5 devices, which remarkably reflect the charge recombination rate in devices. Apparently, the VOC decay rate of FW-1 cell is much higher than that of FW-1+WS-5 cell, showing lower recombination rate for co-sensitized DSSCs, which is in good agreement with the EIS result. The prolonged electron lifetime through cosensitization is beneficial for suppressing the charge recombination rate and results in the enhancement in VOC. In case of the cobalt redox electrolytes, conversely, VOC of FW-1+WS-5 device decreases with the increase of the dipping time of co-sensitizer, while Cµ of both devices are the same (Figure 3d ), indicating that ECB of FW-1 and FW-1+WS-5 are also at the same level. Meanwhile, the lifetime trend is FW-1 > FW-1 + WS-5, following the order of VOC. As shown in Figure 3e , the electron lifetime of FW-1 + WS-5 decreases compared to that of individual sensitized device. Moreover, its OCVD dynamics are also presented in Figure 3f . It shows that higher recombination rate for the FW-1 + WS-5-based DSSCs with cobalt electrolyte. As a one electron transfer system, the electron recombination with cobalt redox electrolyte is more facile than that with the twoelectron transfer iodine-based electrolyte, especially in thinner films, and the lack of bigger donor will benefit the approach of cobalt complexes closer to the TiO2 surface. Compared to iodine redox shuttle, WS-5 with the smaller donor indoline is not conducive to suppress the charge recombination of co-sensitized system in the presence of cobalt-based one. In contrast, it just aggravated the charge recombination of co-sensitized system relative to individual dye-sensitized system, resulting the decrease of VOC [17, 18] . As an interesting discovery, the specific structure of FW-1 determines that ECB remains the same in two different electrolytes after co-sensitization. Therefore, their photovoltaic performance are determined by the energy level position and the charge recombination process. Finally, two extraordinary power conversion efficiencies of 10.21% and 10.42% were achieved for DSSCs utilizing porphyrin dye FW-1 co-sensitized with WS-5 based on cobalt and iodine electrolytes.
Conclusions
In summary, two prominent power conversion efficiencies of 10.21% and 10.42% were achieved for DSSCs utilizing porphyrin dye FW-1 co-sensitized with WS-5 based on iodine and cobalt electrolytes, respectively, in contrast with most sensitizers that are only effective with a single electrolyte system. The PCE was significantly enhanced with the help of WS-5 which is able to fill up the absorption valleys of FW-1 in the ranges of 350-410 nm and 500-600 nm, indicating that FW-1 & WS-5 is a new high performance co-sensitization system. Being easy-to-construct, with high performance, this novel kind of porphyrin-based cosensitized solar cell provides a unique insight in the development of DSSCs.
Experimental Section Fabrication of dye-sensitized solar cells
All working electrodes used in this work were prepared and modified following the reported procedure. [9] For cobalt redox electrolyte devices, the working electrode was composed of a 
Synthesis
The starting material 1 was purchased from commercial suppliers and used without further purification unless otherwise specified.
Compounds 2 [19] and 8 [20] were synthesized according to literature procedures. to afford compound FW-1 (120 mg, 49%) as a green solid. 
